, but so far, these measurements have to a unifying model for this process (reviewed in Calakos and Scheller, 1996) . This model applies to both neuronot been correlated with other assays of exocytosis. In this study, secretory vesicle dynamics was analyzed transmission and hormone release from a variety of neuroendocrine cells and outlines a molecular mechanism by real-time, confocal imaging of individual vesicles in combination with high-resolution, single-cell capacifor membrane fusion involving a large number of proteins, including the SNARE family of proteins. Experitance measurements. This approach allowed us to both determine the relationship between preexocytotic promental maneuvers that interfere with these proteins have profound effects on the release process (Augustine cesses and secretion and to compare the time course of membrane fusion with that of cargo release from the et al., 1996).
Classical neurotransmitters such as ACh and glutavesicle lumen. We demonstrate that the latter process is considerably slower than expected from capacitance mate are stored in SVs, whereas hormones and neuropeptides are contained in LDCVs. The molecular mameasurements. It is suggested that the fusion pore must dilate extensively to allow peptide release and that efflux chinery participating in the release of the two classes of vesicles shows great similarities, and data derived through the fusion pore is insignificant in peptidergic neurotransmission. from neurons can often be extrapolated to the situation in neuroendocrine cells and vice versa (Neher, 1998 
cell transfected with IAPP-EGFP was vesicles contained little or no insulin (not shown).
To stimulated with a 300 ms depolarization from Ϫ70 mV ascertain that the EGFP-labeled structures represent to 0 mV. Exocytosis was studied in parallel, applying true secretory vesicles, we used an antibody directed whole-cell capacitance measurements and simultaneagainst phogrin, a specific marker of LDCV (Wasmeier ous confocal imaging of single-vesicle release at the and Hutton, 1996). It then became apparent that nearly bottom of the cell. Viewing the "footprint" of the cell all EGFP-containing vesicles were also phogrin positive greatly facilitates the study of near-membrane events, ( Figure 1B) . We speculate that the few vesicles conas the plasma membrane is parallel to the focal plane, taining only EGFP, but not phogrin (two to three in the and a large number of stationary (docked) vesicles can, example in Figure 1B . This is more than 20-fold greater than the maximum speed observed seconds prior to the depolarization, upon which it disappeared during a single frame (22 ms). Disappearance of experimentally (see Figure 2A and associated text). This conclusion is reinforced by the data in Figure 3F and the vesicular fluorescence occasionally coincided with the appearance of a cloud of more diffuse fluorescence.
corresponding supplemental movie S3f (online at http:// www.neuron.org/33/2/287/DC1), which shows images This we attribute to the emptying of the lumen and the subsequent diffusion of EGFP away from the release captured just before and after application of a 500 ms voltage-clamp depolarization from Ϫ70 mV to 0 mV. site. An example of an unusually well-resolved cloud is illustrated in Figure 3E , which shows three consecutive The bottom plane (labeled 0 m), as well as the planes immediately above (labeled ϩ1 m) and below (Ϫ1 m), frames before, during, and after exocytosis. It is notable that the cloud develops within a single frame and subsewere scanned sequentially in rapid succession (60 ms per plane). The depolarization resulted in a capacitance quently disappears. It is also evident that the fluorescence in the zone previously occupied by the vesicle is increase of 120 fF, which corresponds to the release of Figure 6A) . equivalent to the discharge of 40-45 vesicles in the entire cell. Based on the strong "depression" of the capaciIt could therefore be argued that the delay we observe between the onset of the depolarization and the sudden tance increase during the train, we assume that all vesicles belonging to RRP were released by this protocol. disappearance of the vesicles simply reflects the masking of gradual cargo release by concomitant increase
We correlated the decline in exocytotic capacity to the release of individual vesicles at the cell bottom, as in EGFP fluorescence. Clearly, it is desirable to study the kinetics of cargo release without the confounding outlined in Figure 3 . The bottom segment of the cell contained a total of ‫04ف‬ vesicles. Nine of these underinterference of pH-dependent changes of EGFP fluorescence. We therefore constructed an IAPP-emerald fuwent release during the first train (examples: vesicles one through four in Figure 7B ). Figure 7C shows the sion protein, which is much less affected by pH than EGFP (Tsien, 1998; Han et al., 1999a ). Addition of ammoimages taken before (panel one) and after the train (panel two), as indicated in Figure 7A . It is obvious that numernium sulfate (10 mM) to cells transfected with IAPPemerald resulted in only a 26% Ϯ 8% (n ϭ 4) increase ous ‫)03ف(‬ vesicles remained at the plasma membrane at the end of the train, and the observed depression in fluorescence ( Figure 6A, light gray curve) . Figure 6B ; see also supplemental movie S6b second pulse trains, the exocytotic capacity recovered, and the second train evoked a total capacitance inonline at http://www.neuron.org/33/2/287/DC1). The IAPP-emerald vesicles were also capable of calciumcrease of 95 fF ( Figure 7A, right) . It is of interest that eight of the vesicles that were not released by the first induced exocytosis. An example of such an exocytotic event evoked by a 500 ms depolarization is shown in train disappeared during the second train and that the position of these vesicles remained stable for ‫2ف‬ min Figure 6B , and the corresponding trace of fluorescence intensity is shown in Figure 6C . The decrease in fluoresprior to exocytosis (see traces five through eight). These vesicles are highlighted in Figure 7C (panels three and cence corresponding to the release of IAPP-emerald was sudden, and, unlike with IAPP-EGFP, not preceded four, taken as indicated in Figure 7A ). Sometimes we also observed a transient increase in vesicle fluoresby any detectable "flash." The accumulated latency of these events is plotted in Figure 6D al., 2000), but this vesicle did not undergo exocytosis periments, of which 13% Ϯ 4% were released by the first train and an additional 6% Ϯ 2% by the second train. during the observation period.
Cells expressing IAPP-emerald displayed the same can, therefore, not be explained as depletion of docked vesicles. During the interval between the first and the vesicular fluorescence pattern as IAPP-EGFP-expressing cells (
In a series of eight experiments of the type shown in Thus, ‫%08ف‬ of the vesicles remained at the plasma membrane even after both trains. Figures 10A and 10B) . Although the conof exocytosis, 87% of the docked vesicles remained at ductance of the pore is initially low and appears to rethe plasma membrane at the end of the train. Thus, it strict the flow of protons, it allows detection of the inseems safe to conclude that RRP represents a subset creased cell capacitance. After an additional 0.3 s, the of the docked pool. fusion pore expands sufficiently to allow pH neutralizaIt is of interest that a second train, applied 80 s later tion of the vesicle lumen ( Figure 10C ), which accounts to allow replenishment of RRP, released 6% of the for the increase in the fluorescence signal. The final LDCVs that remained docked below the membrane after and sudden disappearance of vesicular fluorescence the first train. The recovery of exocytosis was not associwe attribute to the collapse of the secretory vesicle into the ated with any major visible translocation of vesicles toplasma membrane, allowing cargo release ( Figure 10D ). ward the plasma membrane, suggesting that docking is too slow to account for the replenishment of RRP.
Peptides . It therefore appears with a brief delay, would have been expected. Large molecules, including neuropeptides and hormones, are that 99% of the delay seen in peptidergic neurotransmission has reasons other than slow exocytosis. Although only released following extensive dilation (Ն4 nm) of the fusion pore or even complete collapse of the vesicle postsynaptic mechanisms undoubtedly contribute to this delay (Ohnuma et al., 2001 ), the present findings into the plasma membrane ( Figure 10D ). This is because the molecular dimensions of peptides such as IAPP, suggest that slow exit of the neuropeptides from the secretory vesicles provides an additional explanation. insulin, neuropeptide Y (NPY), and many others are larger (see Table 1 ) than the estimated diameter of the Experimental Procedures fusion pore (less than 2.4 nm; see Figure 10E ). 
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